A DNA-unwinding protein has been purified to homogeneity from E. coli. This protein has a molecular weight of about 22,000, as judged by its electrophoretic mobility on polyacrylamide gels containing sodium dodecylsulfate, and it appears to be present in about 800 copies per log-phase cell. It binds tightly and cooperatively to single-stranded DNA, and much less tightly, if at all, to RNA or double-stranded DNA.
In vitro studies with purified DNA reveal that, at ionic strengths and temperatures in the physiological range, the double-helical DNA conformation is overwhelmingly stable relative to unpaired single-strands (1) . In vivo, both DNA replication and genetic recombination would seem to demand a considerable loosening of this helical structure.
Recent work suggests that such DNA unwinding is facilitated within a cell by the presence of a special type of protein that drastically lowers helix stability by virtue of its tight cooperative binding to exposed single strands of DNA (2) . The first protein of this type to be characterized was found in Escherichia coli infected with T4 bacteriophage, and is the product of T4 gene-32 (2) (3) (4) (5) . This "DNA-unwinding" protein is required for both genetic recombination (6, 7) and replication (8, 9) of T4 DNA. It stimulates the in vitro rate of DNA synthesis catalyzed by T4 DNA polymerase on single-stranded DNA templates by as much as 5-to 10-fold; in addition, a complex between the gene-32 protein and T4 DNA polymerase can be detected by physical methods (10) .
We have examined several other biological systems for proteins that can unwind DNA in vitro, and which may therefore resemble T4 gene-32 protein in their function. By chromatography of DNA-free crude extracts on singlestranded DNA-cellulose columns (11) , such proteins have recently been isolated from cells infected with filamentous bacteriophage (12, 13) and from calf-thymus tissue (G. Herrick and B. A., in preparation.) In this report, the isolation and characterization of a DNA-unwinding protein from E. coli is described, along with studies of its effect on in vitro DNA synthesis catalyzed by four different DNA polymerases.
MATERIALS AND METHODS
Basic techniques used for electron microscopy (5), DNA denaturation (2, 12) , and polymerase assay (14) DNA from bacteriophages lambda and T7 was prepared by phenol extractions of the purified phage. Exonuclease 1Il-treated DNA template (from phage T7) was prepared by incubation of 1 jmol of DNA (as nucleotide) with 2500 units of exonuclease III for 5 min at 300 in 4.5 ml of a buffer containing 0.09 M Tris-acetate (pH 8.2)-2 mM 2-mercaptoethanol-2 mM MgCl2. The reaction was terminated by heating for 5 min at 650. As judged by the maximum extent of DNA polymerase I-catalyzed repair at 300, about 500 nucleotides were digested per phage equivalent of DNA. Exonuclease III-treated, nicked DNA template from calfthymus was prepared as described (14) ; it contains many short single-stranded gaps, rather than the relatively long, single-stranded, termini expected for the T7 DNA.
RESULTS
Selection of E. coli Proteins That Bind Tightly to SingleStranded DNA. In searching for possible candidates for a DNA-unwinding protein in E. coli, we have taken advantage of a technique discovered by G. Herrick, who found that the majority of proteins that bind to single-stranded DNAcellulose can be eluted with a solution of 0.9 mg/ml of dextran sulfate (a highly charged anionic polysaccharide of average molecular weight 500,000). The small number of proteins left bound to the DNA-cellulose include some known DNAunwinding proteins (G. Herrick and B. Alberts, in preparation (Fig. 1) . At the lower concentration of DNA, two distinct peaks of radioactive protein were seen, one sedimenting rapidly with DNA, the second at the slow rate characteristic of the free protein. From the fraction of protein bound, a weight ratio of protein to DNA of about 8 to 1 was again determined. The fully saturated complex in Fig. 1 sediments only slightly faster than free DNA, a result that suggests that the complex has an extended conformation (see Fig. 2 ). The 3H-labeled (pH 8.1) (buffer B) and applied to a 8 cm X 0.8 cm2 column of DEAE-cellulose (Whatman DE-32). The column was washed and then eluted with a 40-ml linear NaCl gradient (0.01-0.5 M) in buffer B. 1.3-ml fractions were collected every 20 min. The 22,000-dalton protein appeared in four fractions, at a mean NaCl concentration of 0.20 M. This eluate was briefly dialyzed against 0.04 M potassium phosphate buffer (pH 7.0)-10% glycerol; the 22,000-dalton protein formed a precipitate that was collected, redissolved in buffer A containing 10% glycerol, and stored at -80°. With 50 jg of protein, only a single band was detected by Coomassie Blue stajning after Na dodecyl S04-polyacrylamide gel electrophoresis or by gel isoelectric focusing in urea (isoelectric point about pH 7). In contrast, the 10,000-and 70,000-dalton protein classes each consist of several components; these two classes are recovered in the breakthrough of the DEAE-cellulose column and in the pH-7 supernatant, respectively. Because of its cooperative binding, most of the 22,000-dalton protein from E. coli no longer survives the rinse with dextran sulfate when the amount of E. coli extract applied to the single-stranded DNA-cellulose column is reduced 5-fold from that used here. E. coli protein did not bind to bacteriophage R17 RNA (Fig. 1) Protein-Catalyzed DNA Denaturation. The E. coli DNAunwinding protein has a selective affinity for single-stranded over double-stranded DNA and, in addition appears to completely cover the single-stranded DNA molecules to which it is bound. Therefore, this protein should facilitate the denaturation of double-stranded DNA (2, 12) . Since singlestranded DNA is fully hyperchromic when complexed with the E. coli protein, such DNA denaturation can be monitored by the hyperchromic change at 260 nm that is characteristic of the DNA helix-coil transition. In Fig. 3A , absorbance measurements have been used to demonstrate that T4 DNA can be denatured in the presence of excess E. coli unwinding protein at low ionic strengths. As expected, the extent of denaturation attainable increases with the amount of protein added. Addition of 0.03 M Mg++ to the partially denatured molecules causes the unwound strands to rapidly rejoin, since Mg++ increases the Tm of the DNA and shifts the equilibrium back toward the native form (see ref.
2).
The rapidity of helix reformation in Fig. 3A Fig. 2C (correction was made for a 35% decrease in length of denatured sections). The lower set of denaturation maps shows lambda DNA denatured to a comparable extent by alkali, by a modification of the procedure described by Inman and Schnos (18, 19) . Denatured regions are represented by the paired lines, with molecules oriented with their AT-rich half on the right. Note that the denaturation pattern obtained with the E. coli protein does not show as much fine structure as observed with alkaline denaturation. Therefore, it seems that the E. coli protein has a strong preference for expanding denaturation loops, as opposed to initiating new ones, probably as a result of its highly cooperative DNA binding.
hyde, regions of local DNA denaturation are readily recognized in the electron microscope as bifurcations in its otherwise linear structure (Fig. 2C) . When the locations of these denatured regions are tabulated, a DNA denaturation map is obtained analogous to that described by Inman and Schnos for heat and alkali denaturations (18) . This map is presented in Fig. 3B ; comparison with Inman's data reveals that the A-T-rich regions of X DNA are preferentially opened. This result would be expected with a DNA-unwinding protein lacking sequence specificity, since A-T base pairs are weaker than G-C base-pairs, and are, therefore, more easily opened.
Stimulation of E. coli DNA Polymerase II. Brief digestion of "nicked" double-stranded DNA with exonuclease III produces short gaps, which are readily repaired by E. coli DNA polymerase II (14, 20) . The E. coli DNA-unwinding protein has no effect on either the rate or extent of this reaction. Long single-stranded regions, produced by exonuclease III-degradation of intact double-stranded DNA, serve only poorly as templates for polymerase II (20, 21) . The addition of E. coli unwinding protein to these templates stimulates the rate of synthesis by polymerase II almost 10-fold. The rate of synthesis observed in the presence of different amounts of unwinding protein is shown in Fig. 4A . The amount of unwinding protein required for maximal activity is proportional to the amount of single-stranded template present; higher levels are inhibitory. A similar effect of T4 gene-32 protein on the T4 DNA polymerase reaction has been reported (10) . Controls show that heat inactivation of the unwinding protein subsequent to its incubation with template abolishes its stimulatory activity; thus, the unwinding protein does not irreversibly affect the DNA. The optimal concentration for each protein was used, determined as in Fig. 1 We estimate that there are about 800 molecules of the E. coli DNA-unwinding protein present in a rapidly-dividing E. coli (0.1% of the total protein); since each cell has about six replication forks, this is roughly the same number of molecules per replication fork as estimated previously for gene-32 protein in T4 (2) . By analogy with the presumed role of T4 gene-32 protein in replication (4), the E. coli protein might thus be required in stoichiometric amounts for the proper alignment of DNA template strands in E. coli replication forks.
On the other hand, there is no evidence that E. coli polymerase II, the enzyme that was stimulated by the E. coli unwinding protein in vitro, is involved in replicative synthesis; genetic evidence demonstrates rather that DNA polymerase III is essential for E. coli DNA replication (22, 23) . The purified polymerase III was not stimulated by our protein preparation; however, different conditions may be needed in order to demonstrate such stimulation, as suggested by recent results of Schekman et al. (24) , who find that DNA synthesis on phage M13 DNA templates in fractionated extracts requires the 22,000-dalton unwinding protein, from E. coli in addition to polymerase III.
Studies with the known E. coli mutants temperaturesensitive for DNA synthesis have not yet revealed any alteration of the E. coli DNA-unwinding protein present in these strains (unpublished results of S. Imada and N. S.). One might also expect that a DNA-unwinding protein might be required for E. coli genetic recombination: preliminary results suggest that the 22,000-dalton protein is normal in rec A mutants. It should be kept in mind that more than one DNA unwinding protein may exist in E. coli, and these proteins could have separate roles in the different genetic processes.
